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has focused mostly on the fate of carbonate during subduction. However, up 
to 20% of the subducted C is in reduced form and its fate has largely been 
ignored. Due to the heterogeneity of subducting sediments in each subduction 
zone, it is clear that there is a need to examine reduced C cycling in individual 
margins for which input/output fluxes are better constrained. VF= volcanic 
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Alb: Albergian, Fin: Finestre, Z-S: Zermatt–Saas, Cig: Lago di Cignana. (B) 
More detailed map of the Cottian Alps, with the yellow stars marking the 
various sample localities (Fraiteve, Assietta, etc.). (C) The location of the 
Lago di Cignana exposure, a coesite-bearing locality with Jurassic meta-
ophiolite and metasedimentary units. The yellow stars denote the locations 
where coesite-bearing samples have been collected. 
 
Figure 3. (A) Map from Angiboust et al. (2014) of the Dent Blanche Tectonic 
System (DBTS) with the Ollomont and Breuil-Cervinia traverse locations 
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Breuil-Cervinia traverse showing the location of the metasedimentary rocks 
analyzed. (C) Geologic cross-section of the field area showing the DBTS and 
metamorphic grade of the various units. (D) Field photograph of the Ollomont 
traverse displaying the contacts of the Arolla Gneiss, mixing zone, and 
metasediments. This figure is partly from Jaeckel et al. (in press). 
 
Figure 4. Field photos of exposures of the Fraiteve, Finestre, and Lago di 
Cignana units, showing interlayering of metapelite and metacarbonate at cm 
to m scales. Note the change in grain size across this range in grade. All 
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the lens cap is for scale. 
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13
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ABSTRACT 
 
Community interest in deep-Earth carbon (C) cycling has focused 
attention on extents of C release from subducting oceanic lithosphere and 
sediment and the fate of this released C. Many have suggested that, based on 
isotopic and other arguments, ~20% of the C subducted into the deeper mantle is 
in reduced form (organic); however, individual subduction zone margins show 
large variation in carbonate to organic C ratios. Despite the size of the potentially 
deeply subducted organic C reservoir, its fate in subducting sections remains 
largely unexplored, with most attention paid to release of carbonate C. 
 
To characterize the forearc behavior of organic C, metamorphosed to 
pressures and temperatures as high as 3.0 GPa and 600˚C, reduced C 
concentrations and isotope compositions were obtained for mixed clastic-
carbonate sedimentary rocks underthrust to varying depths in the forearc of a 
paleo-subduction zone represented by the Schistes Lustrés/Cignana (SLC) suite 
(Italian Alps) resembling sediment entering the East Sunda trench near Indonesia. 
In general, it appears that more Al-rich samples (shaley) have higher 
concentrations of reduced C, which in low-grade units preserves the C isotope 
composition of its organic protoliths on the paleo-seafloor. Carbonate-poor rocks 
in the SLC suite, and at Ocean Drilling Program Site 765 (near Indonesia), show 
correlated major element (Al, Mg, Mn, Ti, and P) and reduced C contents (up to 
1.2 wt. %) reflecting sandstone-shale mixture. High-grade (ultrahigh-pressure; 
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UHP) metasedimentary rocks at Lago di Cignana show lower reduced C wt. % 
normalized to Al2O3 concentrations, perhaps in part reflecting the very different 
sedimentological setting in which their protoliths were deposited (relative to the 
Schistes Lustrés). Clastic metasedimentary rocks in circum-Pacific high-P/T 
metasedimentary suites (Catalina Schist, Franciscan Complex, Western Baja 
Terrane) contained very little carbonate during initial subduction (only as minor 
diagenetic cement) and this carbonate was removed from these rocks by 
devolatilization at relatively shallow levels (likely <15 km) of those paleo-
accretionary complexes. 
 
Processes that could alter the concentrations and isotopic compositions of 
reduced C in sediment include devolatilization, closed-system exchange with 
carbonate, redox reactions, and isotopic exchange with C in externally-derived 
fluids. The extents of these effects will vary greatly as related to differences in 
sedimentary lithologies subducting at individual margins and degrees of open-
and closed-system isotopic behavior as related to differential infiltration by 
externally-derived fluids. It appears that, on modern Earth, 40±20% of initially 
subducted C (globally, including reduced and oxidized C) is returned to the 
atmosphere in arcs. The results of this M.S. thesis research indicate efficient 
delivery of initially subducted reduced C to depths approaching those beneath 
volcanic fronts (to at least 75 km), where some fraction could be released during 
devolatilization and melting and contribute to the C output flux in volcanic gases. 
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Change in the isotopic compositions of the C, observed in this study, would affect 
the ability to model proportions of carbonate and organic C proportions in 
 
volcanic gases based on their 
13
C. 
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1. Introduction 
 
Understanding the cycling of C between Earth’s surface and mantle reservoirs 
is of great significance because of its ties to long-term changes in atmospheric 
CO2 levels and thus global surface tempertures (Berner et al., 1983; Caldeira, 
1992; Berner, 1999). Subduction is the major pathway for transfer of C from 
surface/near-surface reservoirs into the mantle, and to assess the efficiency of this 
transfer, it is necessary to quantify the inputs from the seafloor as well as the 
outputs via arc volcanism, while considering the possible retention of some of this 
C to beyond sub-arc regions and into the deep mantle. Metamorphic processes in 
forearc regions of subduction zones can potentially strongly influence how 
efficiently C from the surface/near-surface is conveyed to these greater depths, as 
some of this C can be released during devolatilization reactions (Cook-Kollars et 
al.,2014). Some of the C released during metamorphic decarbonation and 
carbonate dissolution could return to the atmosphere as CO2 emanating from arc 
volcanoes or be stored in other reservoirs in the overlying plate and along the 
subduction interface (Berner, 1999; Kerrick and Connolly, 2001; Hilton et al., 
2002; Gorman et al., 2006; Ague and Nicolescu, 2014; Cook-Kollars et al., 2014; 
Kelemen and Manning, 2015; Collins et al., 2015; Jaeckel et al., in press). The 
amount of C returned by arc volcanism depends on the amounts of melt created in 
the mantle wedge and volatiles liberated from sediment cover and oceanic 
lithosphere in the subducting slab section (Berner et al., 1983; Marty and 
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Tolstikhin, 1998; Hilton et al., 2002). Currently, there is significant uncertainty 
regarding how efficiently subducted C is returned via arc volcanism (16-80%; see 
Collins et al., 2015). Figure 1 (from Cook-Kollars et al., 2014) details the current 
estimates for subduction zone C fluxes, as well as the range of processes that can 
influence this cycling. The current measurements of C fluxes are based on studies 
that compare C (in the form of CO2) output from volcanic emissions to C input 
from the subducting slab (Varekamp et al., 1992; Sano and Marty, 1995; Sano and 
Williams, 1996; Marty and Tolstikhin, 1998; Hilton et al., 2002; Bebout, 2014). 
Greater understanding of the C cycle is imperative due to concern regarding 
anthropogenic climate change, and it is important to have constraints on the non-
anthropogenic C flux in subduction zones (i.e., the slow C cycle). 
 
The majority of the research conducted on C flux in subduction zones has 
revolved around carbonate, due to its abundance and perhaps also related to the 
relative ease in analyzing carbonate C and O isotope compositions. Reduced C has 
received little attention, yet it constitutes up to ~20% of C entering subduction zones 
(see Sadofsky and Bebout, 2003; Bebout, 2014). However, the percentages 
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Figure 1. Schematic illustration of an ocean-continent subduction zone, showing 
global-basis estimates of C fluxes (in moles of C/year) and highlighting the 
uncertainties in the various flux estimates (from Cook-Kollars et al., 2014; 
also see Bebout, 2007; Dasgupta and Hirschmann, 2010). Previous research 
has focused mostly on the fate of carbonate during subduction. However, up 
to 20% of the subducted C is in reduced form and its fate has largely been 
ignored. Due to the heterogeneity of subducting sediments in each subduction 
zone, it is clear that there is a need to examine reduced C cycling in individual 
margins for which input/output fluxes are better constrained. VF= volcanic 
front; AP = accretionary prism 
 
 
of reduced C and carbonate C in the downgoing slab vary greatly among 
 
subduction margins (see Hilton et al., 2002; Clift, 2017). Studies by Rea and Ruff 
 
(1996), Plank and Langmuir (1998), and Plank (2014) estimated the amount of C 
 
in subducting deep-sea sediments, but these fluxes do not consider organic C in 
 
these sediments and also do not take into account subduction accretion or tectonic 
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erosion processes in the fate of C entering the subduction zone (Clift 2017). This 
M.S. thesis research examined records of the subduction of organic C in a 
relatively carbonate-rich suite (represented by the Schistes Lustrés exposed in 
the W. Alps; see Fig. 2) and compared results for this Alps suite with previously 
published data for carbonate-poor Circum-Pacific suites such as the Catalina 
Schist, the Franciscan Complex, and the Western Baja Terrane. Together, the W. 
Alps and Circum-Pacific metasedimentary suites provide a view of the efficiency 
of deep subduction of organic C in the range of sediment types representative of 
those entering trenches at modern subduction margins (cf. Plank, 2014; Clift, 
2017). 
 
Previous work on subduction-related metamorphic suites has demonstrated 
that much of the initially subducted C in carbonate can remain intact in both 
metasedimentary rocks and metabasalts to depths of 80-90 km (Cook-Kollars et 
al., 2014; Collins et al., 2015; Jaeckel et al., in press). Greater degrees of loss of C 
in such sections could, in some cases, be promoted by infiltrated by H2O rich fluid 
in zones of greater permeability (Cook-Kollars et al., 2014; Jaeckel et al., in 
press). Cook-Kollars et al. (2014) suggested about 10-20% loss of C in carbonate 
during metamorphic decarbonation of metasedimentary in forearcs, based on 
study of the Schistes Lustrés exposed in the Western Alps. Presumably, if such an 
estimate is correct, the other 80-90% could be subducted further into the mantle, 
and potentially outgassed through volcanic arcs (Jaeckel et al., in press). 
 
 
 
 
7 
 
 
 
The ultimate objective of this study was to determine the behavior of 
organic/reduced C in forearc regions in subduction zones, during transit of 
subducting sediments to depths of 15-90 km represented by high-pressure/ultrahigh-
pressure (HP/UHP) metasedimentary suites in the Italian Alps. A primary goal was to 
determine the processes that control the behavior of reduced C, including redox 
reactions, isotopic exchange with infiltrating fluids, isotopic exchange with other C 
phases, and devolatilization. Does this behavior change as low-grade reduced C 
(likely kerogen) transforms into graphite with pressure and temperature? Is reduced 
C mobilized in H2O-rich fluids infiltrating major shear zone and other zones of 
deformation-enhanced fluid flow? How is the behavior of reduced C changed 
depending on varying subduction zone prograde metamorphic history? What are the 
modern-day analogs (plausible protoliths) for the paleo-subduction zone 
metasedimentary rocks exposed in the W. Alps? 
 
 
 
2. Geologic Setting in the Italian Alps 
 
The largely metasedimentary Schistes Lustrés is a remnant of Tethyan ocean 
floor, the sediments of which were deposited during the Jurassic and Cretaceous. 
These sediments were subducted beginning in the late Mesozoic, then further 
metamorphosed and deformed, but exhumed, during continental collision 
(Coward and Dietrich, 1989; Lardeaux et al., 2006; Cook-Kollars et al., 2013) 45-
35 Ma (Agard et al., 2001; Handy et al., 2010). This subduction produced an 
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accretionary prism, leading to shortening of the Schistes Lustrés, and resulting in 
a greatly thickened unit (Tricart and Lemoine, 1986 Deville et al., 1992). In this 
study, work was focused on well-studied exposures of the Schistes Lustrés in the 
Cottian Alps, in the Val d’Aosta region (Zermatt-Saas Unit), and at the Lago di 
Cignana UHP locality (see Figs. 2A,C). Also investigated were exposures of 
calc-schists and other rock types adjacent to the Dent Blanche Tectonic System 
(DBTS; see Fig. 3; descriptions by Angiboust et al., 2014, 2015; Menant et al., 
2018). Work by Jaeckel et al. (in press) demonstrated that the “transient 
subduction interfaces” associated with the DBTS (see Angiboust et al., 2014, 
2015) were zones of extensive fluid infiltration enhanced by deformation leading 
to strong mylonitic fabrics. 
 
In the Cottian Alps, estimated pressures and temperatures in general increase 
eastward. The locations of each of the sampling localities for this study (after 
Cook-Kollars et al., 2014) are shown in Fig. 2 (see the inset P-T diagram for 
corresponding pressures and temperatures). The rocks across the Cottian Alps 
traverse, as illustrated by the field photographs in Fig. 4, are interlayered 
metacarbonates and metapelites on cm to m scales (also see Bebout et al., 2013; 
Cook-Kollars et al., 2014). At Fraiteve, the lowest grade site, P-T conditions were 
about 1.4 GPa and 330˚C, whereas the higher-grade rocks in the Finestre unit 
experienced P-T conditions of about 2.0 GPa and 480˚C (Cook-Kollars et al., 
2014). A summary of the mineralogy for each grade in this traverse is provided in 
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Fig. 5 (from Cook-Kollars et al., 2014). The study of crystallinity of the reduced 
C by laser Raman methods (by RSCM; Raman spectroscopy on carbonaceous 
material) was calibrated by study of the rocks across this traverse (Beyssac et al., 
2002a, b). Those authors also characterized the carbonaceous matter by HRTEM 
(high-resolution transmission electron microscopy). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
 
 
Figure 2. (A) Geologic map of the Cottian Alps field area and additional 
localities: Zermatt-Saas and Lago di Cignana (from Bebout et al., 2013). The 
Schistes Lustrés/Cottian Alps is an oceanic metasedimentary unit containing 
some mafic bodies, the latter highlighted in dark grey. As shown in the inset 
P-T diagram (from Agard et al., 2001; Angiboust et al., 2009), the Schistes 
Lustrés is generally lower grade (approximately 1.5 GPa –2 GPa and 300-
500˚C), while Zermatt-Saas and Lago di Cignana are the highest grade, 
reaching peak P-T of about 3.0 GPa and 600˚C. Fr: Fraiteve, As: Assietta, 
Alb: Albergian, Fin: Finestre, Z-S: Zermatt–Saas, Cig: Lago di Cignana. (B) 
More detailed map of the Cottian Alps, with the yellow stars marking the 
various sample localities (Fraiteve, Assietta, etc.). (C) The location of the 
Lago di Cignana exposure, a coesite-bearing locality with Jurassic meta-
ophiolite and metasedimentary units. The yellow stars denote the locations 
where coesite-bearing samples have been collected. 
 
The lithology of the Zermatt-Saas and Lago di Cignana localities differ 
 
somewhat, with larger proporations of mafic and ultramafic rocks than observed 
 
across the Cottian Alps traverse. These exposures are located north of the Cottian 
 
Alps, nearly adjacent to the DBTS, as illustrated in Fig. 3. In the Zermatt-Saas 
 
region, the cover sediments are predominantly metapelites or marbles, associated 
 
with mafic and ultramafic rocks. Lago di Cignana, which is an ultra high pressure 
 
(UHP) locality (Reinecke, 1998), experienced P-T conditions of about 2.5-3.0 
 
GPa and 550˚C and consists largely of intact pillow-basalt and associated cover 
 
sediment, peak-metamorphosed at similar UHP conditions. 
 
The DBTS is an area of uplift surrounded by the blueschist facies Tsaté 
 
ophiolite complex (Schistes Lustrés is included in this complex as the 
 
metasedimentary component). This complex is a remnant of the Liguro- 
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Piemontese seafloor, which entered the subduction zone along a gradient of about 
 
8˚C/km (see Fig. 2).  
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Figure 3. (A) Map from Angiboust et al. (2014) of the DBTS with the Ollomont 
and Breuil-Cervinia traverse locations indicated by the red and yellow stars, 
respectively. (B) Field photograph of the Breuil-Cervinia traverse showing the 
location of the metasedimentary rocks analyzed. (C) Geologic cross-section 
of the field area showing the DBTS and metamorphic grade of the various 
units. (D) Field photograph of the Ollomont traverse displaying the contacts 
of the Arolla Gneiss, mixing zone, and metasediments. This figure is partly 
from Jaeckel et al. (in press), modified after Angiboust et al. (2014). 
 
 
It is positioned between the DBTS, which is composed mostly of Austro- 
 
Alpine continental crust and structurally is a series of thrust sheets, and the 
 
underlying Grand Saint Bernard nappe (Agard et al., 2001; Angiboust et al., 2014, 
 
2015). Traverses on two sides of the DBTS were analyzed, near Ollomont to the 
 
west and Breuil-Cervinia to the east. The rock types along the two traverses, 
 
whose mineralogy can be viewed in Appendix 1 of Jaeckel et al. (in press), are 
 
essentially identical. However the peak temperatures experienced at the traverses 
 
were slightly different, with Ollomont having experienced a slightly lower peak 
 
temperature of 400°C than Breuil-Cervinia (for the latter, a peak T of 460°C; 
 
Angiboust et al., 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
13 
 
 
 
3. Petrographic Observations 
 
This section contains a brief summary of relevant petrographic observations 
made by previous workers G. E. Bebout, J. Cook-Kollars, and K. P. Jaeckel. 
Representative field photos of exposures of the calc-schists investigated here 
are provided in Fig. 4. 
 
3.1 Cottian Alps/Zermat-Saas/Cignana Traverse 
 
Petrographic observations have previously been presented for the Cottian 
Alps Schistes Lustrés rocks (see Agard et al., 2001, 2002; Bebout et al., 2013; 
Cook-Kollars et al., 2014). Along this traverse, the mineralogy of Schistes Lustrés 
varies depending upon grade (see Fig. 5). Quartz, carbonate, chlorite, and white 
mica are abundant at all grades. Clinozoisite is also fairly common, but 
particularly abundant in the samples from the Zermatt-Saas area. Lawsonite is 
common in rocks of up to Finestre in grade, while garnet is observed in only the 
Finestre and the higher-grade units (Zermatt-Saas and Cignana). Reduced C is 
also abundant at all grades; however it is likely that it changes form as a result of 
increasing pressure and temperature, at lower grades with a structure nearer that 
of kerogen, and at the higher grades transforming into graphite (Beyssac et al., 
2002a, b). These changes in the structure of the carbonaceous matter are in 
general not discernible using a petrographic microscope. 
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Figure 4. Field photos of exposures of the Fraiteve, Finestre , and Lago di 
Cignana units, showing interlayering of metapelite and metacarbonate at cm 
to m scales. Note the change in grain size across this range in grade. All 
photos are from Bebout et al. (2013). The horizontal dimension of the 
Fraiteve unit photograph is approximately 1m; for the other two photographs, 
the lens cap is for scale. 
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Figure 5. Mineral occurrences in the Schistes Lustrés metasedimentary unit 
exposed in the Cottian Alps, Italy (from Cook-Kollars et al., 2014). Reduced 
C (metamorphosed organic matter) occurs at all grades. In the Schistes 
Lustrés, quartz, carbonate, and white mica are the dominant mineral phases, 
varying widely in relative modal abundance. At higher grades, epidote, 
garnet, amphibolite, and titanite make appearances at varying modal 
abundances (also see Bebout et al., 2013). 
 
 
3.2 Ollomont and Breuil-Cervinia Subduction Interface Traverses 
 
The Schistes Lustrés of the Ollomont and Breuil-Cervinia traverses display 
 
mineralogy similar to that of the intermediate-grade units in the Cottian Alps 
 
traverse (Albergian and Finestre; see Fig. 5). At the Ollomont traverse, which 
 
experienced a peak temperature of ~400°C (Angiboust et al., 2014), fewer 
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samples contain white mica than at Breuil-Cervinia, likely due to sampling bias. 
Samples from both traverses contain abundant quartz and carbonate. Minor 
serpentine occurs in rocks from both traverses, in addition to other accessory 
phases. A full list of mineral assemblages and abundances is provided in 
Appendix 1 of Jaeckel et al. (in press). 
 
At both traverses, rocks in the lower plate nearer the shear zone show larger 
degrees of mylonitic deformation and more mineralogical evidence for fluid 
infiltration in the form of greater abundances of Ca-silicate phases (e.g., 
clinozoisite, titanite) compared with rocks collected further from the contact. At 
the Ollomont locality, additional textures include crenulation cleavage and crack-
seal veins (Jaeckel et al., in press) as records of at least local redistribution of 
mass in fluids. Compared with the Ollomont traverse, the Breuil-Cervinia traverse 
contains larger quartz-calcite veins, present further from the interface contact. 
 
 
 
4. Analytical Methods 
 
Analyses of the isotope compositions of whole-rock carbonate and reduced C for 
approximately 47 calc-schists from the Cottian Alps and the Ollomont and Cervinia 
localities were undertaken using a glass evacuation (extraction) line and in dual-inlet 
mode on the MAT Finnigan 252 mass spectrometer at Lehigh University. These data 
are presented in Appendices 1-4. Three sets of whole-rock samples were analyzed 
for this project: samples provided by collaborators Drs. 
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Jane Selverstone (retired, Univ. New Mexico; n=3) and Richard Gaschnig (Univ. 
Massachussetts, Lowell; n=18), and a sample set obtained by a previous Lehigh 
University graduate student, Katie Jaeckel (M.S. 2017), on a 2016 trip to the Alps 
(n=26). The samples provided by Drs. Selverstone and Gaschnig were already in 
powder form, and thus ready for processing. The samples collected by K. Jaeckel 
needed to be crushed and homogenized in order to examine whole-rock carbonate 
and reduced C. Previous isotopic work on these samples, by Jaeckel et al. (in 
press), was done entirely by microdrilling (using a 1 or 2 mm diameter drill bit). 
 
4.1 Concentrations and Isotope Compositions of Reduced Carbon 
 
The preparation of the organic C began by weighing ~500 mg of whole-rock 
powder into plastic centrifuge tubes. Approximately three mL of HCl were added 
directly to each sample to remove carbonate from the samples. When it appeared 
that all of the carbonate was removed by reaction, each sample was centrifuged, 
then an additional three mL of HCl were added to ensure no further reaction. 
After the removal of the carbonate, and repeated rinsing with distilled H2O, the 
samples were dried in an oven (at ~60˚C) then loaded into 6mm quartz tubes 
with CuOx reagent. These tubes were evacuated for several hours, then sealed at 
high vacuum with a gas torch. To produce CO2 gas, the samples were reacted 
overnight in a programmable furnace (at 950˚C). The tubes were then cracked 
onto a vacuum extraction line, where the CO2 gas was cryogenically purified 
(with H2O removed with an ethanol-dry ice trap) before transfer to the mass 
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spectrometer for dual-inlet isotope analyses. Accuracy was ensured by analyzing 
graphite standard USGS-24, for which repeated analyses yielded mean δ
13
C of - 
16‰ (1 = 0.1‰). In this thesis, 
13
C values are reported relative to VPDB. 
 
4.2 Concentrations and Carbon-Oxygen Isotope Compositions of Carbonate 
 
For the whole-rock carbonate O and C isotope analyses, approximately 50 mg 
of sample (depending on expected carbonate wt. %) were placed in carbonate 
reaction vessels with hoods containing about 20 ml of phosphoric acid (H3PO4). 
These vessels were then placed on a vacuum manifold to remove all atmospheric 
gases. Once evacuated, the vessels were isolated from the vacuum line and the 
acid was allowed to react with the sample (following the methods of McCrea, 
1950). The samples were placed in a water bath at about 27˚C for about 3 hours. 
After the reaction ceased, the vessels were attached to a glass extraction line to 
cryogenically separate H2O from the CO2 using a mixture of dry ice and ethanol. 
The remaining gas, CO2, was frozen into a collection vessel using liquid nitrogen 
for transfer to the mass spectrometer, where they were analyzed in dual-inlet 
mode for analyses of O and C isotope ratios. Long-term analyses of a house 
standard (HAUS) and international standards (e.g., NBS-19) by this method has 
 
resulted in uncertainties in both 
13
C and 
18
O of ~0.15‰ (expressed as one 
standard deviation; 1 ). As for the data for reduced C, 
13
C values for the 
 
carbonates are reported relative to VPDB; 
18
O values for the carbonates are 
reported relative to VSMOW. 
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The carbonate and reduced C concentrations and C and O isotope data for 
rocks along the Cottian Alps traverse are provided in Appendices 1 and 2 and 
data for microdrilled samples of the calc-schist along the interfaces traverses at 
Ollomont and Breuil-Cervinia are provided in Appendices 3 and 4 (from Jaeckel 
et al., in press). Whole-rock major and trace element data for the same samples, 
obtained in this thesis research, are provided in Appendix 5. For the 
microdrilling, veins and other pockets of carbonate were targeted using a 2mm 
tungsten carbide drill bit (Appendix 7 in Jaeckel, 2017, M.S. thesis). These small 
amounts of powder were then reacted for at least three hours at 72˚C with 2 ml of 
100% phosphoric acid. The CO2 gas produced by this reaction was analyzed 
using the Gas bench II in conjuction with a CombiPAL autosampler and Finnigan 
Mat 252 gas source isotope ratio mass spectrometer at Lehigh University. The 
data for whole-rock samples are more precise due to the improved precision of 
the dual-inlet method compared with the carrier gas method used to analyze the 
microdrilled samples (Jaeckel et al., in press). For the carrier gas method, regular 
analysis of a house standard (HAUS) and international standards (e.g., NBS-19) 
allowed monitoring and correction of the data, resulting in uncertainties ~0.20‰ 
 
for both 
13
C and  18O of (expressed as one standard deviation; 1  ). 
 
4.3 Whole-Rock Major Element Geochemistry 
 
To obtain whole-rock major element concentrations, sample powders prepared 
either at Lehigh University or by R. Gaschnig were sent to Dr. Stanley Mertzman 
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at Franklin and Marshall College, where they were measured by X-ray 
fluorescence methods (XRF). These whole-rock major and trace element data 
are presented in Appendices 5 and 6. 
 
 
5. Results 
 
5.1 Cottian Alps, Zermatt-Saas, and Lago di Cignana 
 
5.1.1 Reduced Carbon Concentrations and Isotopic Compositions  
 
A  Reduced C-Schistes Lustrés  
 
0.1 
  
   
   
 
 
 
Reduced 0.01  
C 
wt. % 
/Al
2
O
3 0.001 
 
 
 
0.0001 
Fraiteve Asietta   Albergian Finestre & Lago di 
Increasing Metamorphic Grade Locality 
Zermatt- Cignana 
Saas  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
21 
 
 
 
B  Reduced C- Schistes Lustrés  
   
    
 10      
 
 
 
 
1 
 
Reduced  
C 
wt. % 0.1 
/TiO2 
 
0.01 
Fraiteve   Asietta   Albergian Finestre & Lago di 
Locality 
Zermatt- Cignana 
Saas   
 
C 
0.01 
Reduced C-Schistes Lustrés 
  
  
  
 
 
 
 
Reduced 
C 
/Zr 0.001 
 
(ppm) 
 
 
 
 
0.0001 
Fraiteve   Asietta   Albergian Finestre & Lago di 
Locality 
Zermatt- Cignana 
Saas  
 
 
 
 
 
 
 
 
 
 
 
 
22 
 
 
 
Figure 6. Plots of concentrations of reduced C for the Cottian Alps/Zermatt-
Saas/Cignana traverse normalized to concentrations of Al2O3 (A), TiO2 (B), 
and Zr (C), over increasing grade (Fraiteve being the lowest, and Lago di 
Cignana being the highest). Normalizing to Zr, Al2O3, and TiO2 
concentrations can provide insight regarding the mobility of reduced C with 
increasing temperature and pressure because these three elements show 
relatively low mobility in H2O-rich fluids and also reflect the 
terrigenous/clastic component in the rocks likely to have carried the 
majority of the reduced C. Somewhat depending on the normalizing 
element/oxide, reduced C shows only subtle hints of decrease with 
increasing grade, excluding Cignana, with the concentrations normalized to 
Zr showing the more obviously lower range (see C). 
 
 
Figures 6A, B, and C show the concentrations of reduced C, normalized to 
 
concentrations of Zr, Al2O3, and TiO2, over increasing grade. Somewhat 
 
depending on the normalizing element, the reduced C shows hints of decrease 
 
with increasing grade. This decrease is most prominent when reduced C is 
 
normalized to TiO2, but shows less decrease when normalized to Al2O3 and Zr. 
 
Without the normalization, the reduced C content tends to range between 0.05 and 
 
0.15 wt. %. As evidenced by the plots, Cignana shows the most significant 
 
reduction in reduced C concentration, which was also observed in the previous 
 
study by Cook-Kollars et al. (2014). 
 
Figure 7 shows the variation in the δ
13
C of the reduced C in the Schistes 
 
Lustrés at the Cottian Alps traverse, plotting the data obtained in this thesis 
 
research and by Cook-Kollars et al. (2014). These samples were selected for 
 
 
 
 
 
 
 
 
23 
 
 
 
analyses of reduced C concentrations and isotope compositions because they were 
 
new powders prepared by Dr. R. Gaschnig for his study of U and Mo isotopes.  
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-10.00  
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Figure 7. Reduced C δ
13
C of the whole-rock Cottian Alps samples analyzed in 
this study at each location (with increasing grade from left to right). The data 
obtained for this thesis are highlighted in teal, while the black points represent 
prior work presented in Cook-Kollars et al. (2014). The concentrations of 
reduced C in the Cignana samples were too low for detection in the 2017 set 
of analyses, and no Zermatt-Saas samples were analyzed. As highlighted in 
this plot, the new values and previously published values are in agreement 
with each other. 
 
 
 
The more extensive dataset provided by Cook-Kollars et al. (2014; black points in 
 
Fig. 7) shows a trend similar to that exhibited by the data presented here for the 
 
new powders. The lowest-grade (Fraiteve) rocks contain reduced C with δ
13
C 
 
consistent with that expected for marine organic matter (mean values near -22‰, 
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similar to the range for ODP Site 765), whereas the higher-grade rocks contain 
reduced C variably shifted to higher δ
13
C (up to ~ -7‰). This shift was 
qualitatively interpreted by Cook-Kollars et al. (2014) as resulting from varying 
degrees of C isotope exchange between the reduced C and carbonate in the same 
rocks. The diagrams in Fig. 9 display these various extents of change in δ
13
C of 
reduced C (blue lines) as a function of changing weight fraction of C in carbonate 
for each of the metamorphic grades represented in the Schistes Lustrés/Cignana 
“traverse.” Shifts in the δ
13
C reflect varying degrees of equilibration with C in 
carbonate in the same rocks (carbonate δ
13
C shown with the red lines, separated 
in δ
13
C from the reduced C, blue line, by a 10
3
lnα for the temperature represented 
by that grade (e.g., at Fraiteve grade, carbonate is 15‰ higher than reduced C 
with which it is equilibrated; fractionation factors obtained from Beaudoin and 
Therrien, 2009). At the lower grades (Fraiteve and Assietta), there is little 
evidence of equilibration between the two reservoirs, as evidenced by the uniform 
δ
13
C, regardless of the weight fraction of carbonate, showing no shift toward the 
blue lines indicating equilibration with the carbonate. At higher grades, the δ
13
C 
of the reduced C shows significant shift upward toward the blue lines representing 
reduced C δ
13
C equilibrated with carbonate at that weight fraction of carbonate 
(see Fig. 9D). Higher-temperature peak metamorphism should promote greater 
degrees of equilibration between the two C reservoirs, as is observed. 
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5.1.2 Carbonate Concentrations and Isotopic Compositions  
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Figure 8. Plots of the carbonate data of Cottian Alps traverse from Cook-Kollars 
et al. (2014) (black points) and the 2017 analyses (teal points). Weight percent 
of carbonate, δ
13
C, and δ
18
O are detailed in plots A, B, and C respectively. 
As shown by A, the lower grades contain samples with greater amounts of 
carbonate, although as a whole, there are samples from all grades that have 
high percentages of carbonate. 
 
The plots in Figure 8 (A, B, C) detail the amount and isotopic 
 
characteristics of carbonate in the Cottian Alps traverse. Analyses by Cook- 
 
Kollars (2014) are represented by the black data points, and analyses from this 
 
study are shown in teal. As the plots detail, the data from 2014 is much more 
 
extensive and provides much greater detail regarding the range of values for 
 
weight percent, δ
13
C, and δ
18
O of carbonates along the traverse. Fig. 8A shows 
 
the range of carbonate composition across grade. Whole rock data from 2017 
 
(teal) tends to be carbonate poor relative to the majority of the samples. These 
 
relatively carbonate poor samples range from about about 5 to 50 wt. %. In 
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comparison, the Cook-Kollars (2014) data set (black) has an overall range of 0 to 
100 wt. %, regardless of grade. This larger dataset reveals that in general, the 
lower grades have samples with higher weight percentages of carbonate compared 
to the higher grades, which tend to have poor carbonate poor samples. It should be 
noted that each locality has a wide range of total carbonate content, but the lower 
grades have higher end members. 
 
Fig. 8B displays the δ
13
C of the carbonate, and neither set of analyses 
shows much of a pattern. Each locality has a range of δ
13
C values, but Cignana 
and Fraiteve show the largest range of values (about -6 to 1 ‰). The only locality 
with fairly uniform values and a small range is Finestre, with isotopic 
compositions that range from -2 to 2 ‰. The δ
18
O of carbonate, detailed in Fig. 
8C, reveals a trend toward slightly lower δ
18
O values at the higher grades 
(Zermatt-Saas and Cignana). The lower grades, from Fraiteve to Finestre, show 
similar range size and values. Each grade has values that range from about 25 to 
18 ‰. However, Finestre does have a few outlying data points that the other 
grades do not have. These samples have the lowest δ
18
O of the entire data set, 
with values in the 10 to 12 ‰ range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
29 
 
 
 
Figure 9. Diagrams illustrating the idealized changes in δ
13
C of reduced C (blue 
lines) and carbonate (red dashed line) with changing weight fraction of C in 
carbonate for different localities with their own respective pressures and 
temperatures. These changes occur because, if two reservoirs with distinct 
δ
13
C are in contact with each other, they will equilibrate and change 
depending on the amount of each substance. At the lower grades (Fraiteve and 
Asietta), there is little equilibration between the two reservoirs, as evidenced 
by the flat line far below the ideal equilibration lines. At higher grades 
(Albergian and Finestre), reduced C δ
13
C shows greater shift upward, 
approaching values consistent with equilibrium with the coexisting carbonate. 
 
 
 
5.2 Schistes Lustrés: Ollomont and Breuil-Cervinia Traverses 
 
5.2.1 Reduced Carbon Concentrations and Isotope Compositions 
 
The data for the Breuil-Cervinia and Ollomont traverses show similar trends 
 
in reduced C content, despite scatter, regardless of the normalizing element (see 
 
Fig. 10). For Breuil-Cervinia, little variation is observed in reduced C content 
 
across the transect. Normalization to Ti results in larger variation among the 
 
samples, but the reduced C wt. % values remain small (See Appendix 6 for 
 
values). For the Ollomont locality, similar patterns are observed. Normalization to 
 
Ti shows the greatest variation in values across the transect, although this is likely 
 
due to the high Ti content relative to reduced C. Normalizations to Zr and Al 
 
show a similar, fairly uniform pattern across the traverse. This uniformity is also 
 
observed in the δ
13
C values for the Ollomont and Breuil-Cervinia localities, with 
 
some noticeable deviation from the trend observed around the 200 m mark from 
 
the contact at both traverses. Breuil-Cervinia, with the exception of the two data 
 
points at -20‰ and -15‰, have δ
13
C values that hover around -12 to -11‰. This 
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range is much smaller than that of the Ollomont locality, which shows a range 
from -23‰ to approximately -14‰. These values exhibit a minor trend toward 
more negative values that extend from the contact to around the 220 m mark. 
 
These values then tend to shift upwards and cluster around δ
13
C values of -
19‰ to -17‰ from about 300 to 350 m, with the last two samples in the 
traverse showing little similarity in their δ
13
C. 
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Figure 10. Reduced C concentrations and δ
13
C at Breuil-Cervinia and Ollomont. 
Plots A-C and D-F represent Breuil-Cervinia and Ollomont respectively, and 
show the reduced C wt. % normalized to Al (A, D), Ti (B, E), and Zr (C, F). 
In general, these data show uniformity regardless of normalizing element or 
location. Plots G-H display the δ
13
C of Breuil-Cervinia (G) and Ollomont 
(H) along the transect. Again, both transects show some degree of uniformity 
along the traverse, although this uniformity is more pronounced in Breuil-
Cervinia, which experienced higher slightly higher T. 
 
 
5.2.2 Carbonate Concentrations and Isotopic Compositions 
 
The data for carbonate show δ
13
C (Figs. 11A and C) and δ
18
O (Figs. 11B and 
D) values for carbonates from whole-rock samples collected along the two DBTS 
traverses. At both of these traverses, δ
18
O shows dramatic reduction nearer the 
interface contacts interpreted as reflecting greater interaction with externally-derived 
H2O-rich fluids along these interfaces (Jaeckel, 2017; Jaeckel et al., in 
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press). At Breuil-Cervinia, the δ
13
C values for reduced C are fairly uniform, with 
the exception of the two outliers in the central part of the traverse. However, the 
carbonates show a much more erratic pattern of δ
13
C and a range of values across 
the traverse. The difference in the δ
13
C values of the two reservoirs (carbonate 
and reduced C; δ
13
C) reveals significant equilibration of C isotope compositions 
between the two reservoirs at Breuil-Cervinia toward values expected for the peak 
temperatures estimated by RSCM (see the description of this method by Beyssac 
et al., 2002a,b). At the Ollomont traverse locality, the δ
13
C of the reduced C 
ranges from about -22‰ to -15‰, less uniform than at Breuil-Cervinia. The δ
13
C 
values of the carbonates are also quite variable at Ollomont, displaying no 
 
particular pattern across the transect. The 
13
C (δ13Ccarb - δ13CredC) for the two C 
 
reservoirs along the Ollomont traverse are, like for the Breuil-Cervinia traverse, 
relatively uniform, suggesting appreciable equilibration between the two 
reservoirs (see Fig. 12). Interestingly, the 
13
C at Breuil-Cervinia is somewhat 
lower than that for Ollomont, consistent with the somewhat higher temperature of 
metamorphism and deformation at the Breuil-Cervinia locality. At both localities, 
there is no obvious shift in δ
13
C as a function of distance from the subduction 
interface contact. 
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Figure 11. δ
13
CVPDB (A, C) and δ
18
OVSMOW (B, D) of carbonates across the 
Breuil-Cervinia and Ollomont interface traverses. The δ
13
C of the 
carbonates shows little pattern across both traverses; however, the range in 
values is larger at Ollomont than at Breuil-Cervinia. The δ
18
O values show a 
much stronger correlation with distance, with the decreasing toward the 
interface contact at both traverses. 
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Figure 12. 
13
C (carbonate-reduced C) at Breuil-Cervinia and Ollomont. The 
values at BC are lower, but have a smaller range of values (~10-13‰) with 
the exception of the outlier at the 200 m mark. Ollomont has slightly higher 
values, but shows a larger range (~14-21‰). In general, 
13
C is fairly uniform 
across the two transects. 
 
 
 
6. Discussion 
 
 
6.1 Comparisons with Likely Protoliths, East Sunda Margin 
 
Figures 13A and B provide a comparison the major element concentrations 
 
of the Schistes Lustrés and a plausible protolith in the sediment section drilled at 
 
ODP Site 765. The plot of Al2O3 vs. SiO2 in Fig. 13A shows great overlap in the data 
for the two localities, with mixing evident between a high-Al2O3-low-SiO2 
component and a low-Al2O3-high-SiO2 component and a trend from this mixing line 
towards the origin at low SiO2 and Al2O3 composition. This trend toward the origin 
is likely caused by a dilution by carbonate, which would lead to decrease in 
the amounts of both SiO2 and Al2O3.Considering the location of Site 765, it is 
 
likely that the carbonate is derived from the northern continental shelf of 
 
Australia, which is accumulating carbonates due to shallow water and latitude 
 
(see the discussions by Plank and Ludden, 1992; Plank, 2014). 
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Figure 13. Plot of Al2O3 wt. % vs. SiO2 in ODP Site 765 sediments and the 
Schistes Lustrés (A). For both, in general, the compositions reflect varying 
sandstone:shale mixtures with varying degrees of dilution by carbonate, 
this dilution resulting in shifts toward the origin in this plot (see Bebout et 
al., 2013). This dilution also is demonstrated in B, in which the CaO wt. % 
is plotted vs. wt. % of Al2O3. Here, it is important to emphasize that there 
are about twice as many data points for Site 765 as for the Schistes Lustrés. 
 
 
In Fig. 13A, shales plot at low SiO2 wt. % and high Al2O3, whereas 
 
sandstones tend to fall at low Al2O3 and high SiO2. As evidenced by the plot, 
 
sediments/metasediments are nearer to sandstone compositions, although there are 
 
some Schistes Lustrés samples with more shaley compositions. The Schistes 
 
Lustrés have SiO2 wt. % ranging from 19.0 to 83.3 and Al2O3 concentrations 
ranging from 0.4 to 20.8 wt. %. The sediment at Site 765 has SiO2 wt. % ranging 
from 3.1 to 81.1 and Al2O3 concentrations ranging from 2.5 to 33.2 wt. %. The 
Site 765 sediments in general show a stronger carbonate dilution trend than the 
 
Schistes Lustrés. 
 
Figure 13B further demonstrates this carbonate dilution trend also discussed 
 
by Bebout et al. (2013) in their ion microprobe study of the more pelitic rocks 
 
across the Cottian Alps traverse. This plot shows the relationship between Al2O3, 
more enriched in shaley material, and extremely low-Al2O3 carbonate. CO3 wt. % 
values for the Schistes Lustrés range from near 0 to about 80 wt. %. The Al2O3 
wt. % values for the Schistes Lustrés are the same as listed above. CO3 
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concentrations for the Site 765 section range from about 0 to about 90 wt. %. The 
Al2O3 values are the same as listed in the previous paragraph. 
 
 
6.2 Efficiency of Deep Subduction of Reduced Carbon 
 
6.2.1 Cottian Alps Traverse, Zermatt-Saas, and Cignana 
 
The data from the Cottian Alps reveal very little loss of reduced C, indicating 
an overall trend of conservation through the subduction process, at least to depths 
of about 75 km corresponding to depths inferred for peak metamorphism of the 
Finestre unit of the Cottian Alps traverse (see Fig. 9). The general trend reveals an 
almost indiscernible decrease in the concentrations of reduced C to grades of 
Finestre and Zermatt-Saas, but the rocks from Lago di Cignana have significantly 
lower concentrations, perhaps due to a contrasting protolith related to a differing 
sedimentological setting. Overall, it appears that most of the reduced C (in the 
case of the Schistes Lustrés) could remain in the sediments subducted to depths 
approaching those beneath volcanic fronts (cf. Syracuse and Abers, 2006). 
 
6.2.2 Zones of Enhanced Fluid Infiltration (Interfaces) 
 
The δ
13
C of the carbonate (see Fig. 11) shows no pattern across either 
transect, and according to Jaeckel et al. (in press), this may be because of the 
H2O- rich (and C-poor) nature of the infiltrating fluid that resulted in a greater 
effect on the carbonate 
18
O/
16
O (see Fig. 11). Despite the effect that fluid 
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infiltration had on the carbonate δ
18
O, the infiltrating fluids had little to no 
effect on the reduced C concentrations or δ
13
C. 
 
The reduced C in the rocks at the Breuil-Cervinia and Ollomont traverses (see 
Figure 10A-F) appears to be conserved across the transect, regardless of the 
normalizing element or presence of an infliltrating fluid. The reduced C content 
does not significantly increase or decrease moving away from the contact at either 
location. Thus, it appears that the enhanced fluid infiltration nearest the interfaces 
did not mobilize this C sufficiently to observe depletions. Data from the Cottian 
Alps at Finestre (see Fig. 9D) has shown that higher T can result in more 
equilibration between carbonate and reduced C, and the more uniform line in 
Breuil-Cervinia indicates that the δ
13
C values are more likely the result of 
equilibration with the carbonate reservoir. This is further backed by the shift away 
from marine values (around -25‰) toward typical carbonate values, which tend 
to hover around 0 ‰. Ollomont also experienced this equilibration, although it 
seems that the extra 60 °C at Cervinia makes a significant difference. Ollomont 
samples are not as well equilibrated, as they have a higher range of δ
13
C values (-
22 to -14 ‰) compared to Cervinia, where most samples plotted around -12‰. 
The Ollomont δ
13
C values are also not completely shifted toward carbonate 
isotope values; instead, there are still several samples that are much closer to 
typical marine isotope values. A third line of evidence for equilibration is the 
difference in δ
13
C values ( ). This is also uniform across both traverses, providing 
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further evidence that the two reservoirs equilibrated with each other. Again, the 
Breuil-Cervinia points are slightly more uniform, further supporting the idea 
that higher temperature leads to more isotopic equilibration, as was 
demonstrated for the Cottian Alps traverse (see Fig. 9D). 
 
 
6.3 Evolution in Reduced Carbon Isotope Compositions 
 
6.3.1 Cottian Alps (Extension of Cook-Kollars et al.) 
 
Analyses of the newly powdered samples from across the Cottian Alps 
traverse investigated by Cook-Kollars et al. (2014) overlap with the results of 
this previous study. It is important to note that these new samples were chosen to 
complement and reinforce the previous dataset, in part to dovetail with another 
geochemical study of the rocks across this traverse by R. Gaschnig (a study of U 
and Mo isotope compositions). The reduced C values show an almost 10‰ 
 
increase in δ
13
C over changing grade in the subset of samples in Fig. 7. This 
mirrors the trends in the 2014 data set, which show a much larger amount of loss 
of isotopically light C (about 20‰) with increasing grade. This upward trend is 
 
somewhat complicated by Cignana, which has variable δ
13
C compositions ranging 
from about -27‰ to -9‰. The isotopic equilibration plots of this study (see Fig. 
 
9) show a similar trend with Cignana, where certain samples show 
equilibration with little to no carbonate, and others show no evidence of 
equilibration with carbonate phases. 
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In the Cook-Kollars et al. (2014) study, the δ
13
C of carbonate tends to 
hover mostly in the -4 to +2‰ range. There appears to be little change with 
grade; rather, the O isotope compositions experience a greater degree of change 
with grade, which is thought to be indicative of the effect of H2O rich 
infiltrating fluids. 
 
6.3.2 Ollomont and Breuil-Cervinia Subduction Interfaces 
 
The carbon isotope composition of reduced C appears to be mostly uniform 
across both transects, despite the deformation gradient across the transect (highest at 
the contact). Ollomont, which is slightly lower in temperature, does display slightly 
more variation in the δ
13
C values, especially noticeable in the samples furthest from 
the contact. Based on these observations, temperature is likely the driving force 
behind the degree of uniformity in δ
13
C values across the transects. The dip in δ
13
C 
values in both transects around the 300 m mark is probably the result of sampling 
choice, or just a local anomaly that cannot be fully explained with the current data 
set. Previous work by Beyssac et al. (2002a,b) highlights the changes in 
carbonaceous matter with increasing grade, and reveals that this carbonaceous matter 
(in this case graphite) is very sensitive to changes in grade, especially the 
temperature component. The 60°C difference, although relatively small, is likely 
enough to cause the slight differences between the two traverses. The proximity and 
overall similarity of the two traverses likely also had a role in their uniformity, 
considering that the organic material in both locations likely 
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started out as algal kerogen that was equilibrated with the marine system (Beyssac 
 
et al., 2002a, b). 
 
6.3.3 Differential Carbon Isotope Exchange between Reservoirs 
 
Differential equilibration between reduced C and carbonate is the most 
evident in the Cottian Alps localities, which show a gradual increase of 
equilibration with increasing metamorphic grade. There also appears to be greater 
equilibration with a larger amount of carbonate, which is consistent with closed 
system isotopic exchange models. This largely implies that higher P-T conditions 
facilitate greater exchange between the reduced C and carbonate reservoirs. There 
are some data points at all grades that have little carbonate but still show 
significant equilibration, indicating that the P-T conditions are the greater driving 
force behind exchange between the reservoirs, and not the amount of carbonate. 
The complete lack of equilibration in Fraiteve, as evidenced by the uniform δ
13
C 
regardless of the ratio of reduced C to carbonate (see Fig. 9), further indicates 
that P and (perhaps more likely) T play the greatest role. A similar trend was 
observed in work by Kitchen and Valley (1995), where graphite was more likely 
to exchange with carbonate at higher grade. Considering that graphite is likely the 
only significant reduced C phase in these rocks, this is consistent with the trends 
observed in this data set. However, this general trend is completely contradicted 
by the absence of obvious trends in the Lago di Cignana data, the highest grade 
unit. Only some samples show equilibration, but there are more data points that 
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remain uniform such as those for Fraiteve. One possibility to explain the 
scatter for the Cignana samples is that the δ
13
C of the carbonate and/or 
reduced C at Cignana was affected by open-system behavior (e.g., fluid-rock 
interactions) during exhumation and cooling. 
 
6.4 Evaluation of Possible Devolatilization Effects 
 
Devolatilization trends are most noticeable at high T conditions in the 
Catalina Schist, with little to no devolatilization observed in even the highest 
grade Franciscan Complex and WBT units. This devolatilixation is likely the loss 
of isotopically light reduced C as CH4, but again, this is mostly at the higher 
grades. This is supported by the loss of fluid mobile elements B, Cs, N, As, and 
Sb at peak temperatures (Bebout, 1995). The Catalina Schist, in which some units 
(particularly the epidote-amphibolite and amphibolite units) were subjected to a 
much warmer settings, shows the strongest devolatilization trend compared to the 
Franciscan and WBT suites (see Fig. 15C). As noted in Cook-Kollars et al. 
 
(2014), metapelitic rocks containing smaller amounts of carbonate should lose 
larger fractions of the C in the carbonate phases than more carbonate-rich rocks. 
Those authors did not, in their calculations, consider the loss of reduced C. 
Bebout et al. (2013), in their study of devolatilization history in the more pelitic 
(carbonate-poor) Cottian Alps rocks, concluded that only up to 20% of the H2O in 
these rocks was liberated at the higher-grade end of the traverse. This loss was 
largely due to the reactions stabilizing garnet, specifically, the reactions involving 
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breakdown of chlorite and carpholite. Combining the results of Bebout et al. 
(2013) with those for the Circum-Pacific suites, it appears that, along the very 
low-T paths taken by rocks in relatively “cool” subduction margins, reduced C 
is largely retained to at least the depths represented by the Cottian Alps traverse 
(thus, up to ~75 km). 
 
Also for the Cottian Alps/Zermatt-Saas/Cignana suite, Cook-Kollars et al. 
(2014) suggested some decarbonation reaction related to infiltration of the calc-
schists by H2O-rich fluids, the latter likely generated via dehydration reactions in 
nearby metapelitic rocks. Whereas the more carbonate-rich rocks (marbles) 
underwent very little decarbonation reaction, the calc-schist lithologies in some 
cases lost large fractions (up to 100%) of their carbonate (and CO2) related to this 
infiltration by aqueous fluids. 
 
6.5 Summary of the Behavior of Reduced Carbon in the Schistes Lustrés 
 
The reduced C in the Schistes Lustrés /Lago di Cignana section appears to 
show some subtle decrease in concentration with increasing grade, indicating that 
some of this reduced C is was lost, although in very small amounts. It remains 
uncertain whether the very low reduced C concentrations for the Cignana rocks 
are a function of devolatilization or are related to the very different 
sedimentological setting in which their protoliths deposited (i.e., directly upon the 
newly-erupted Jurassic pillow basalt section, along with Mn-rich schists; see 
Reinecke, 1998). As shown by the reduced C δ
13
C of these samples, the δ
13
C 
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values become more positive with increasing grade, indicating an enrichment in 
C
13
 and a loss of lighter C through possible devolitilization. However this loss 
is almost negligible at grades lower than that of Cignana. Bebout et al. (2013) 
 
demonstrated that the whole-rock 
15
N of metapelitic rocks across the Cottian 
Alps is uniform but that it shows increase in the Cignana metapelites. In the 
same rocks, those authors demonstrated unchanged C:N ratios fully in the range 
for organic matter (range of 2-14), with no trend with increasing grade. 
 
The five plots that display isotopic exchange across grade (Fig. 9) reveal an 
interesting trend as metamorphic grade increases. Fraiteve, the lowest grade unit 
shows data points that mainly plot in a flat line beneath the reduced C 
equilibration line. Based on the comparison between this plot and the other four, 
it appears that at this grade reduced C is unable to equilibrate with the carbonate 
reservoir at this grade. However, these data points appear to shift upward with 
increasing grade, but usually at the higher weight fraction of C in carbonate. 
However, there are still points that show equilibration with a lower weight 
fraction of C. Therefore, the re equilibration is not entirely limited to the amount 
of carbonate in the rock. Rather, it appears the kinetics of the reequilibration are 
most efficient at higher P and T and increased T is likely the greater effect of 
these two. This is also supported by the results for the Breuil-Cervinia and 
Ollomont traverses, which are correlative in grade with the Assieta to Finestres 
parst of the Cottian Alps traverse. 
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Unlike the lower grade localities, Cignana does not show much differential 
equilibration between the reduced C and the carbonate reservoirs. The data points 
also don’t appear to be in a uniform line like for Fraiteve. Reduced C often 
transforms into graphite with increasing grade, which typically does not 
equilibrate well with carbonate (Beyssac et al., 2002a, b). However, this is an 
unlikely reason for this trend, considering the overall amount of reduced C in 
Cignana is very low, and in many cases unmeasurable by the methods applied. 
There is also very little carbonate. Therefore, it may be more plausible that 
Cignana represents a different sedimentation history divorced from the rest of the 
Schistes Lustrés unit, based on the isotopic evidence and the unusual lithology. 
The Cignana sediments were deposited directly onto the Jurassic pillow-basalt 
ophiolite section, whereas the Schistes Lustrés sampled in the Cottian Alps and in 
the two DBTS traverses likely was deposited at later times higher in the Schistes 
Lustrés section (see Deville et al., 1992). 
 
6.6 Comparison with Reduced Carbon Behavior in Circum-Pacific High- 
 
P/T Metamorphic Suites 
 
 
Previous work by Sadofsky and Bebout (2003) highlighted the Izu Bonin 
Trench as a modern day comparison for the “Circum-Pacific Suites” reflecting 
sedimentary, mafic, and ultramafic rocks metamorphosed at pressures 
corresponding to depths of up to ~45 km in paleo-accretionary complexes 
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(Catalina Schist, Franciscan Complex, and Western Baja Terrane; see Fig. 14, 
 
17). In general, the protoliths of these suites were sandstone-shale sequences poor 
in carbonate other than very small amounts (generally < 1wt. %) of diagenetic 
cement (see Bebout, 1995). Sediments of these types are typical of those 
subducting into most modern margins, whereas the carbonate-rich section 
represented by the Schistes Lustrés has modern analogs at margins such as E. 
Sunda, Indonesia. 
 
6.6.1 Catalina Schist 
 
 
The Catalina Schist paleosubduction complex has seen extensive study of 
prograde metamorphism and devolatilization (Bebout and Fogel, 1992; Bebout et 
al., 1993, 1999; Bebout and Barton, 1993; Bebout, 1995; see Fig. 6). The grades 
in this suite range from lawsonite albite to amphibolite facies (Grove and Bebout, 
1995). Based on previous studies, the temperature range of the Catalina Schist is 
about 275-750˚C, with a smaller range in pressure at about 0.5-1.1 GPa (Grove 
and Bebout, 1995; Grove et al., 2008). This Catalina Schist is likely the result of 
underplating during the Early Cretaceous at 15-45 km depth. The Franciscan 
Complex contains several units overlapping in estimated peak metamorphic grade 
with the lower-grade units of the Catalina Schist. The Franciscan samples for 
which data are presented in this thesis are from four different units with differing 
P-T prograde histories (the Coastal, Central, and Eastern Belts, and at Pacheco 
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Pass). In the California Coast Ranges, the P-T experienced in the Franciscan 
Complex ranges from <0.3 GPa and 100°C for the Coastal Belt to about 0.8 to 0.9 
GPa and 300°C for the Eastern Belt (Sadofsky and Bebout, 2003; also see Blake 
et al., 1987). The Pacheco Pass area in the Diablo Range experienced P-T 
conditions similar to those in the Eastern Belt, with pressures around 0.7 to 0.8 
GPa, and peak T of about 200±50°C (for further discussion of the petrology of 
these rocks, see Ernst, 1993, and Dalla Torre et al., 1996). The Pacheco Pass area 
has mineralogy similar to that of the higher-grade parts of the Coast Ranges 
Franciscan Complex. The Western Baja Terrane, exposed on Cedros Island 
(Mexico), consists of seafloor sediments and metamafic rocks that experienced 
blueschist facies conditions during Early Cretaceous subduction (Sedlock, 1988, 
1996; Baldwin and Harrison, 1989, 1992; Sadofsky and Bebout, 2003) and 
consists of three subterranes, each of which was sampled for geochemical work 
by Sadofsky and Bebout (2003). Sub-terrane 1 (ST1) underwent peak pressures of 
 
> 0.8 GPa and 225–235 °C. ST2 and ST3 samples have similar peak P-T values at 
 
0.7-0.8 Gpa; 170-220°C and 0.5–0.6 GPa and 175–200°C, respectively (Sedlock, 
1988; Sadofsky and Bebout, 2003). 
 
Figure 15 shows the wt. % of reduced C normalized to TiO2 and Al2O3 for the 
Catalina Schist. The wt. % of the Catalina Schist reduced C is relatively uniform 
across grade, possibly showing modest increase (only when normalized to TiO2 
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concentrations) with increased grade. The δ
13
C of the reduced C in the Catalina 
 
Schist increases with increasing grade (data from Bebout, 1995) and this trend 
 
was previously interpreted as reflecting release of isotopically light CH4 into 
 
fluids released during prograde subduction-zone devolatilization (see Fig. 15C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Peak metamorphic P-T of the WBT subterranes (ST1, ST2, ST3), 
Franciscan Complex (Coastal Belt, Central Belt, Eastern Belt, and Pacheco 
Pass), with P-T paths for the different grades of the Catalina Schist (figure is 
from Bebout, 2014). For the Catalina Schist units: LA= lawsonite-albite; 
LBS= lawsonite-blueschist; EBS= epidote-blueschist; EA= epidote-
amphibolite; AM=ampibolite. Adapted from Sadofsky and Bebout (2003). 
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Bebout (1995) suggested that, because of the relatively large C isotope 
fractionation between “graphite” and CH4 at these temperatures, significant shift 
in δ
13
C could have been accomplished with minor loss of C. The protoliths for 
these rocks are expected to have contained very little carbonate, thus it appears 
that the shifts cannot be explained by C isotope exchange with this other 
reservoir. 
 
 
 
 
A 
 
 
 
 
 
1 
 
 
 
 
0.1 
 
 
 
Reduced C-Catalina Schist 
 
Reduced  
C 
wt. % 0.01 
/Al2O3 
 
 
0.001 
    
Lawsonite– Lawsonite– Epidote- Epidote-   Amphibolite  
 Albite Blueschist Blueschist Amphibolite  
Increasing Metamorphic Grade  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
55 
 
 
 
 
B 
 
 
 
 
 
10 
 
 
 
 
1 
 
 
 
 
Reduced C-Catalina Schist  
 
Reduced  
C wt.%  
/TiO
2 0.1 
 
 
0.01     
Lawsonite– Lawsonite– Epidote- Epidote-   Amphibolite  
 Albite Blueschist Blueschist Amphibolite  
 
 
 
C  Reduced Carbon-Catalina Schist  
   
 
-18 
  
   
   
 -19       
-20 
 
-21 
-22 
δ13C
VPDB-23 
-24  
-25 
 
-26 
 
-27 
-28 
Lawsonite– Lawsonite– Epidote- Epidote-   Amphibolite 
Albite Blueschist Blueschist Amphibolite 
 
 
 
 
 
 
 
 
 
 
 
 
 
56 
 
 
 
Figure 15. These plots show the weight percent of reduced C normalized to TiO2 and 
Al2O3 for the Catalina Schist. Zr was not used due to insufficient data. In contrast 
with the Schistes Lustrés, the weight percent of reduced C shows some slight 
increase with increasing grade. However there is much greater spread in the data 
points for each grade. The δ
13
C of reduced C in the Catalina Schist also increases 
with grade (greater enrichment of 
13
C). However, there is an interesting decrease 
from lawsonite-albite to lawsonite-blueschist. 
 
 
 
6.6.2 Franciscan Complex and Western Baja Terrane 
 
Concentrations and C isotope compositions of reduced C in other Circum- 
 
Pacific paleo-accretionary complexes, representing subduction in 
 
paleoaccretionary complexes to depths of 15-45 km, are shown in Fig. 16 (A-F). 
 
The comparisons of both absolute and normalized reduced C concentrations are 
 
limited by the numbers of data; however, for the most part, the concentrations are 
 
uniform across the grades represented in these suites. Also, the δ
13
C values of the 
 
reduced C remain similar to those expected for “marine organic matter,” hovering 
 
around -25‰ similar to the values for the low-grade units of the Catalina Schist 
 
peak-metamorphosed at similar P-T conditions. 
 
 
 
 
Figure 16. Reduced C concentration and δ
13
C of the WBT and Franciscan 
Complex. Reduced C was normalized to Al (A,C) and Ti (B,D); however, 
unlike other analyses in this thesis, Zr was not used as a normalizer because of 
an absence of Zr data. General trends in the Franciscan and WBT δ
13
C 
include an increase, although this is not as evident in the Franciscan samples. 
 
 
 
 
 
 
 
 
 
 
 
57 
 
 
 
 
A Reduced C - Franciscan Complex 
 
0.1 
 
 
 
 
Reduced 
C wt.% 
0.01 
/Al2O3 
 
 
 
0.001 
Coastal Central Eastern Pacheco Pass 
Increasing Metamorphic Grade  Locality  
 
 
 
B Reduced C- Franciscan Complex 
 
10 
 
 
 
1 
Reduced  
C wt.% 
/TiO2 0.1 
 
 
 
0.01 
Coastal Central EasternPacheco Pass   
Locality 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
58 
 
 
 
 
C Reduced C - Western Baja Terrane 
 
0.1 
 
 
 
 
Reduced 
C wt.% 
0.01 
/Al2O3 
 
 
0.001 
ST1 ST2 ST3 
 
Increasing Metamorphic Grade  Locality  
 
 
 
D Reduced C - Western Baja Terrane 
 
1 
 
 
 
 
 
Reduced 
C wt.% 
0.1 
/TiO2 
 
 
 
 
0.01 
ST1 ST2 ST3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
59 
 
 
 
E  Reduced Carbon-Franciscan Complex  
 
-23.5 
  
   
   
 
-24 
  
   
 
-24.5 
  
   
 
-25 
  
   
 
-25.5 
  
    
δ
13
C -26 
-26.5 
 
-27     
-27.5     
-28     
-28.5 
Coastal Central Eastern Pacheco Pass   
 
 
 
 
F Reduced Carbon-Western Baja Terrane 
-20 
 
-21 
 
-22 
 
-23 
 
-24 
δ13C -25 
-26    
-27    
-28    
-29    
-30 
ST1 ST2 ST3  
 
 
 
 
 
 
 
 
 
 
 
 
 
60 
 
 
 
6.6.3 Likely Protoliths of the Circum-Pacific High-P/T Suites 
 
As noted above, Sadofsky and Bebout (2003) highlighted the Izu Bonin 
 
Trench as a modern day comparison for the “Circum-Pacific Suites” 
 
metamorphosed at pressures corresponding to depths of up to ~45 km in paleo- 
 
accretionary complexes (Catalina Schist, Franciscan Complex, and Western Baja 
 
Terrane; see Figs. 14,17). In general, the protoliths of these suites were sandstone- 
 
shale sequences poor in carbonate other than very small amounts (generally < 
 
1wt. %) of diagenetic cement.Figure 17 shows the significant overlap in the 
 
SiO2-Al2O3 compositions of these metamorphic suites with the compositions of 
 
sediments from the Izu-Bonin trench (and the shale-sandstone mixing). Because 
 
the protolith sediments from this seafloor setting contain little or no carbonate, 
 
they do not show the shift toward the origin exhibited by the data for the Schistes 
 
Lustres and ODP Site 765 (see Fig. 13). 
 
 
 
 
Figure 17. SiO2 and Al2O3 wt. % of the Circum-Pacific Suites (Catalina Schist 
(red), Western Baja Terrane (violet), and Franciscan Complex (green)) and the 
Izu-Bonin Trench sediments (blue; data from Murdmaa et al., 1980). There is 
significant overlap among the values for each location, highlighting their 
geochemical similarity. 
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6.7 Significance for Consideration of Subduction Zone Carbon Cycling 
 
A number of the observations made in this study have direct implications for 
models in which estimates are made of subduction efficiency of C through 
forearc regions and the additions of this C to the mantle wedge beneath arcs and 
to the deeper mantle beyond subarc regions. 
 
6.7.1 Extent to Which These Suites Represent Modern Subducting 
 
Sediment Sections 
 
The two different subduction zone settings that I examined are representative 
of the sediments that are subducting today. The Schistes Lustrés provides a 
representatin of carbonate rich margins like Central America, or East Sunda. 
However, these carbonate types are fewer in number compared to the subduction 
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zones with sediments like the Circum-Pacific Suites. These carbonate poor 
sediments are the majority of what is entering subduction zones today. Clift 
 
(2017), provides a review of margin lithologies, and based on his assessment, 
approximately nine modern day subduction zones are comparable to the Schistes 
Lustres in terms of carbonate content. The Schistes Lustres does contain some 
carbonate poor samples, but for the comparison, only mid to high carbonate 
samples will be used. This is because as a whole, the Schistes Lustres is very 
carbonate rich. Modern Subduction zones with high carbonate and ultimately 
comparable lithology are listed in order of increasing carbonate content (based 
on the numbers presented in Clift 2017): Java, Phillippine-Mindanao, Kermadec, 
Costa Rica, Solomons, Makran, Guatemala, Colombia-Ecuador, Peru, and South 
Luzon. It is possible that the reduced C in these carbonate rich subduction zones 
will equilibrate with the carbonate, much like what has been observed in the 
Schistes Lustres. 
 
The remaining modern subduction zones tend to have low (around 10-15 
%) to very low amounts (≤ 5% of carbonate). These subduction zone types are 
much more numerous and tend to dominate the Pacific rim. The closest match to 
the Circum-Pacific Suites in this study is the Izu-Bonin trench sediments, which 
have the lowest carbonate content out of all subduction zones listed in Clift 
 
(2017). Other subduction zones with less than 1% carbonate include the Kuril, NE 
Japan, and Ryukyu subduction zones. Certain sections of the Lesser Antilles also 
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contain very little carbonate, but these sections are not specified in Clift (2017). It 
is possible that in these carbonate poor subduction zones that the reduced C will 
be nearly completely conserved. It is possible for some devolatilization to occur, 
but it is not likely considering that high temperatures are needed for this process 
to occur, and most modern subduction zones today are much too cool. 
 
6.7.2 Fate of Reduced Organic Subducted Through Forearcs 
 
The combined data of all of the suites reveals that the P-T conditions within 
the subduction zone can govern the fate of subducting reduced C. In the case of 
the Schistes Lustrés, very little reduced C is lost with grade, implying that most of 
the reduced C is retained within the rock. This conservation trend is also observed 
in carbonate in the Schistes Lustrés, which experienced relatively cool subduction 
relative to the Circum-Pacific suites (15-45 km), but greater depth (Cook-Kollars 
et al., 2014). The drop in reduced C in the Cignana samples (and the inability to 
detect reduced C in certain samples) suggests that, at a certain depth, reduced C is 
removed, or there was very little reduced C in the samples to begin with. The lack 
of reduced C in the Cignana protolith would reinforce the idea that Cignana had a 
very different depositional history than the Schistes Lustrés unit. Similar 
observations were seen in work by Cook-Kollars et al. (2014), and deduced that 
the heterogeneity of the lithologies ultimately complicates the conclusions that 
can be drawn about loss over the entire rock mass. Perple_x calculations 
discussed in Cook-Kollars et al., (2014) reinforce the concept that initial lithology 
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has significant bearing on the degree of loss, even when there are infiltrating 
fluids at play. For example, metapelites tend to experience greater loss (at 
conditions experienced by the Schistes Lustrés) than the carbonate rocks. 
Cignana rocks, which were subducted up to 100 km depth as indicated by the 
presence of coesite, show that reduced C (when detected) can remain in rocks at 
100 km depths, which is deep enough to be below the volcanic front. It is highly 
likely that this reduced C can be subducted deeper into the mantle, although 
solidifying this idea would pose some difficulty due to the somewhat ubiquitous 
nature of reduced C. 
 
The Schistes Lustrés unit in both the Cottian Alps and the DBTS traverses 
display some degree of isotopic exchange between the reduced C and carbonate 
reservoirs. In the traverses, this exchange appears to be mostly uniform across 
both transects, whereas in the Cottian Alps the exchange is amplified with 
increasing grade and (generally) greater fraction of carbonate as discussed 
 
previously. The exchange between the two reservoirs, represented by the 
13
C of the 
reduced C and carbonate, is consistent across grade. The small range of these values 
across the transects and their uniformity suggest that the two reservoirs had been 
equilibrating in both locations. In particular, the uniformity of the reduced C 
compared the carbonate suggests that this reservoir was more affected by changes in 
the P-T conditions than the δ
13
C values of the carbonate, which echoes the trends 
seen in the Cottian Alps. The uniformity of the big delta is ultimately a 
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byproduct of the δ
13
C values of the reduced C, which maintain similar values 
along the traverse. The similar trends observed in both parts of the Schistes 
Lustrés imply that subducting carbonate rich sediments are most likely going to 
experience equilibration between the C reservoirs. Any CO2 that is released 
from the subduction of these rocks is then likely to be altered by this exchange. 
This equilibration is likely to be amplified by marine-origin graphite, which has 
a higher capacity for exchange (Beyssac et al., 2002a,b). 
 
6.7.3 Implications for Mixing to Produce Compositions of Arc Volcanic 
 
Gases (Example: East Sunda Arc) 
 
The three-component mixing model of Sano and Marty (1995) is commonly 
employed in estimation of the inputs of mantle, carbonate, and “sediment” 
(organic C) in volcanic gases. This model considers the mixing of C from the 
mantle and from carbonate and organic sources, basing these calculations on 
 
assumptions regarding the CO2/
3
He and 
13
C of these endmember compositions 
(see Fig. 18). This three-component mixing can seemingly explain the 
compositions of volcanic arc gases — those authors, and many others (e.g., De 
Leeuw et al., 2007; Halldórsson et al., 2013), have used the model to calculate the 
contributions of these reservoirs to the arc gases. The two sediment sources differ 
 
greatly in their 
13
C, with values for the organic C near -25‰ and values for the 
carbonate near 0‰. The data presented in this thesis, expanding on results of 
Cook-Kollars et al. (2014), demonstrate that, for some sediments, isotopic 
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exchange between carbonate and reduced C reservoirs could lead to significant 
 
shift in 
13
C. Interestingly, the directions of shift for both reservoirs is toward 
 
“mantle values” near -6‰ (see Fig. 18B). Such shift would, in some cases, 
 
invalidate any calculations of the contributions of the reservoirs assuming pre- 
 
subduction 
13
C (see the example of this in Fig. 18B). The magnitude of these 
 
shifts would tend to vary greatly depending on the relative proportions of the two 
 
forms of C, with carbonate showing greater shift in samples with high reduced 
 
C/carbonate and reduced C showing greater shift in sediments with carbonate as 
 
the dominant C phase. The results presented in this thesis demonstrate that the 
 
two C reservoirs can in many cases reach isotopic equilibration with each other at 
 
temperatures greater than ~400˚C (see Fig. 12).  
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Figure 17. Mixing diagram of CO2/
3
He and δ
13
C of reduced sediments (S), 
limestone (L), and MORB (M) end members (A is from Sano and Marty, 1998; 
see for example the data in Halldórsson et al., 2013). The blue dot indicates the 
composition of an individual hypothetical volcanic gas sample. In the modified 
version of this figure in B, the δ
13
C of the reduced C has been 
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shifted to higher values and this shift would greatly impact the calculated 
contributions of the three endmember compositions, according to this 
diagram, to produde the example gas composition. 
 
 
The significance of this exchange of C isotopes between the subducted 
sedimentary reservoirs, in an individual margin, would depend on the proportions 
of the two reservoirs. Perhaps more significantly, the distribution of the two 
reservoirs could dictate whether such exchange significantly alters the mixing 
that would be evaluated via analyses of arc volcanic gases. In the Schistes 
Lustres/Cignana suite, abundant calc-schist contains reduced and 
oxidized/carbonate C intimately mixed at the grain scale, affording isotopic 
exchange. However, this suite also contains vast expanses of marble poor in 
metapelitic component (see Deville et al., 1992) and, in these rocks, any very 
small amounts of reduced C would at higher T be shifted toward equilibrium with 
the carbonate.The carbonate-rich sections outboard of the E. Sunda trench are 
similar in these respects (see Plank and Ludden, 1992). In contrast, the sediment 
section subducting into the Costa Rican Central America trench contains nearly 
pure carbonate at greater depths overlain by 100s of m of carbonate-poor 
hemipelagic sediment. In the Central American case, little C isotope exchange 
would be possible and the two physically separated parts of the section would be 
subducted with their C isotope signatures largely intact. 
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The exact nature of the transfer of subducting C into arc source regions 
remains largely unknown, and mixing models of the type discussed in this section 
in general assume no fractionation during mobilization of C from the subducting 
sediment section and altered oceanic crust into the overlying mantle wedge. In 
fact, considerable debate continues regarding whether this transfer is 
accomplished in silicate melts or H2O-rich fluids. The metamorphic rocks 
examined in this thesis study, and in other work on HP/UHP metasedimentary 
rocks, have been conducted on rocks representing forearc depths of up to 90 km, 
thus not able to elucidate sub-arc fluid/melt release. 
 
Conclusions 
 
The data presented in this thesis allow some conclusions to be made regarding 
the fate of organic matter subducted into forearcs of ancient (and modern) 
subduction zones. 
 
— As a whole, the data presented here demonstrate impressive retention of 
reduced C in metasedimentary rocks, to depths of least 75 km (this depth 
representing the estimated peak metamorphic P for the Finestre unit of 
the Cottian Alps traverse and for Zermatt-Saas exposed in Val d’Aosta). 
Although explanation of the lower concentrations of reduced C in the 
Cignana metasedimentary rocks will require additional work, this 
demonstrated retention implies that much of the reduced C pool initially 
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subducted could be available for additions to arc source regions (depths of 
volcanic fronts are near 80 km; Syracuse and Abers, 2006). 
 
— The sediments that were recovered from ODP Site 765 greatly resemble the 
Schistes Lustrés /Cignana metasedimentary unit geochemically. Both sections 
show a dilution of mixed sandstone-shale by carbonate, indicating that Site 
765 is a potential analog to the Schistes Lustrés protolith. 
 
— Appreciable re-equilibration can occur between the reduced and oxidized C 
reservoirs, especially in higher temperature rocks (in the Schistes Lustrés 
the units would have experienced temperatures >400˚C). This 
equilibration can result in large shifts in the C isotope compositions of 
both reservoirs, depending on the fractions of C in each (cf. Cook-Kollars 
et al., 2014). 
 
— In the DBTS Schistes Lustrés traverses, carbonate and reduced C show no 
 
significant shift in δ
13
C related to enhanced fluid inflitration along the 
subduction interfaces, where large shifts in δ
18
O have occurred (the 
latter demonstrated by Jaeckel, 2017; Jaeckel et al., in press). Reduced C 
 
concentrations, normalized to Al, Zr, and Ti, show little variation across 
the traverses, suggesting that reduced C is conserved despite the 
enhanced deformation and fluid infiltration along the interfaces. 
 
— Release of reduced and/or oxidized C from deeply subducting sediments, 
and C isotope exchange between the two C reservoirs, can both have 
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significant implications for the amounts and isotopic compositions of C in 
the two forms delivered into arc source regions (and ultimately, arc 
volcanic gases) and the deeper mantle. 
 
— Circum-Pacific metasedimentary suites such as the Catalina Schist, 
Franciscan Complex, and Western Baja Terrane are largely carbonate-
poor, containing carbonate only as very minor relict diagenetic cements. In 
these sections, shift in δ
13
C of the reduced C largely depends on 
fractionation during devolatilization reactions releasing H2O-rich fluid 
with minor dissolved CH4 or CO2. 
 
— Future work on this problem should further evaluate the stability and 
isotopic fractionation of reduced C during partial melting reactions at P-T 
corresponding to conditions at/near the slab-mantle interface beneath 
volcanic arcs. Unfortunately, it will the lack of suitable UHP metamorphic 
exposures will limit this pursuit. 
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Appendix 1. Reduced C wt. % and Carbonate wt. % of Cottian Alps samples. 
 
 
 Sample Reduced C wt.% Carbonate wt.% 
Fr
ai
te
ve
 
SL98-2pela 0.15 17.53 
SL99-19A 0.05 8.94 
 
 SL99-28A 0.13 7.41 
 SL99-30B 0.1 11.42 
As
si
et
ta
 
SL98-3peld 0.1 19.27 
SL99-37C 0.05 6.78 
 
 SL99-38B 0.11 32.8 
 SL99-40C 0.08 29.42 
Al
be
r
gia
n SL99-12C 0.08 12.13 
SL99-13A 0.48 47.04 
 
 SL99-16A 0.09 14.91 
Fi
ne
st
r
e 
SL99-34C 0.08 20.81 
SL99-41D 0.1 14.52  
Ci
gn
an
a LC99-4A 0.05 7.85 
LC99-5A 0.05 7.98 
 
 02-LDCS-10 0.06 12.68 
 02-LDCS-11 0.05 10.44 
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Appendix 2. Isotopic data from the Cottian Alps. 
 
 
  δ
13
C 
δ
13
C δ
18
O 
 
  Reduced Carb- 
  C Carbonate Carbonate Red.C 
 Sample (VPDB) (VPDB) (VSMOW) (VPDB) 
 SL98-2pela -23.5    
Fr ai te ve
 
SL99-19A     
SL99-28A -23.3    
    
 SL99-30B -24.2    
As si et ta
 
SL98-3peld -21.7    
SL99-37C     
     
 SL99-38B -18.2 -0.5 21.4 17.7 
 SL99-40C -16.9 -0.4 21.5 16.5 
Al be rg
i
an
 
SL99-12C -19.6 -0.2 21.7 19.4 
SL99-13A -15.5 -0.9 21.1 14.6 
 
 SL99-16A -18.4 0.4 22.4 18.8 
Fi
n
es
tr
e SL99-34C -13.3 -1.2 20.7 12.1 
SL99-41D -16.5 -0.6 21.3 15.9  
 LDC-32F     
 LDC-35A     
Ci g n a n a LDC-35B     
LC99-4A     
     
 LC99-5A     
 02-LDCS-10     
 02-LDCS-11     
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Appendix 3. Carbonate and reduced C concentrations at Breuil-Cervinia and 
Ollomont. 
 
 
 Sample Reduced C wt.% Carbonate wt.% 
 DB16-24B 0.14 60.32 
 827G 0.15 74.9 
 812C 0.16 57.65 
 812D 0.05 
 DB16-37 0.09 55.1 
O
llo
m
on
t 
DB16-41B 0.11 59.2 
DB16-43A 0.09 61.75 
 
 DB16-45 0.07 8.81 
 DB16-47 0.1 87.52 
 DB16-48 0.11 88.35 
 DB16-49 0.09 54.34 
 DB16-53 0.07 81.45 
 DB16-56 0.09 59.88 
 DB16-59 0.07 49.15 
 DB16-66A 0.12 53.06 
 DB16-66C   
 DB16-67 0.05 72.67 
C
er
v
in
ia
 
DB16-70 0.08 77.97 
DB16-72B 0.08 50.29 
 
 DB16-73B 0.09 8.72 
B
re
u
il
 
DB16-75 0.12 63.66 
DB16-80 0.15 59.45 
 
 DB16-82A  76.03 
 DB16-83 0.14 61.4 
 DB16-84A 0.1 60.11 
 DB16-87 0.12 60.16 
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Appendix 4. Isotopic data from Breuil-Cervinia and Ollomont. 
 
 
 
  δ13C δ13C δ18O  
  Reduced C Carbonate Carbonate Carb-Red.C 
 Sample (VPDB) (VPDB) (VSMOW) (VPDB) 
 DB16-24B -16.2 -0.2 13.8 16 
 827G -15.9 0.7 15.9 16.7 
 812C -15.9 0.2 16.4 16.2 
 812D  -0.3 16.5  
 DB16-37 -17.5 -0.1 18.7 17.3 
O
llo
m
on
t 
DB16-41B -18.3 -1.3 22 17 
DB16-43A -18.7 -2.5 21.2 16.1 
 
 DB16-45 -22.1   
 DB16-47 -17.2 -1.1 22 16 
 DB16-48 -16.9 0.3 22.3 17.2 
 DB16-49 -21.4 -0.1 18.9 21.2 
 DB16-53 -16.5 0.2 24.9 16.7 
 DB16-56 -19.1 0.03 23.9 19.1 
 DB16-59 -14.4 -0.4 21.8 13.9 
 DB16-66A -12 -0.4 17.6 11.6 
 DB16-66C  -0.3 19.6  
 DB16-67  -1 17.6  
C
er
v
in
ia
 
DB16-70 -11.8 -0.1 19 11.7 
DB16-72B -11.9 -0.03 19.8 11.8 
 
 DB16-73B -19.9   
B
re
u
il
 
DB16-75 -14.9 0.3 19.9 20.2 
DB16-80 -11.8    
    
 DB16-82A -11.4 -1 21.3 10.3 
 DB16-83 -11.5 0 23.9 11.5 
 DB16-84A -11.7 -1.1 22.6 10.6 
 DB16-87 -11.3 -0.2 23.7 11.1 
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Appendix 5. Whole rock major and trace element composition of Ollomont and 
Breuil Cervinia Traverses. 
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Locality Frai Frai Frai Frai Frai Frai Frai 
Sample SL99-21B (KEC- SL99-21D (KEC-5) SL98-2P SL98-2Pela SL99-19A SL99-21A SL99-23B 
# 4)       
SiO2 62.37 57.99 54.25 57.28 64.44 45.48 30.20 
Al2O3 11.06 17.17 20.51 22.24 20.15 3.98 3.74 
Fe2O3 6.45 8.22 7.39 8.26 7.09 2.51 4.80 
MnO 0.11 0.082 0.233 0.27 0.11 0.08 0.20 
MgO 3.11 4.04 2.39 2.61 2.68 7.61 1.76 
CaO 5.17 1.98 0.65 4.59 0.13 38.98 58.40 
Na2O 0.12 0.21 1.38 0.86 1.28 0.39 0.21 
K2O 2.69 3.86 3.54 2.70 3.24 0.72 0.34 
TiO2 0.43 0.699 0.728 0.90 0.70 0.14 0.11 
P2O5 0.09 0.13 0.12 0.11 0.10 0.08 0.11 
Total 91.6 94.381 91.191 99.71 99.82 99.89 99.87 
LOI    7.04 4.17 28.30 32.11 
Sr        
Zr        
V        
Cr         
 
 
 
 
Frait Frait 
.C
ignanadiC
ig=LagoFin=Finestr
e,A
lb=A
lbergian, 
.dataelem
enttraceandm
ajorA
lpsC
ottian.6
A
ppendix 
SL99-28A SL99-30B   
48.88 70.41   
31.44 13.95   
6.84 8.67   
0.1 0.84   
3.23 2.55   
0.21 0.26   
2.21 0.85   
5.44 1.93   
1.18 0.42   
0.14 0.14   
99.67 100.02   
6.08 3.67  
Frai=Fraiteve, 213 59  
231 98   
296 139   
251 146  Assi=
A
ssietta,    
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Locality Assi Assi Assi Assi Assi Assi Assi Assi Assi Assi 
Sample SL99-36B (KEC- SL99-36A (KEC- 
SL98-3PelA SL98-3PelD SL99-36D SL99-37C SL99-38B SL99-39B SL98-3PelD SL99-40C 
# 14) 13)         
SiO2 55.25 53.34 56.45 36.3 44.28 61.56 54.84 18.97 38.56 53.78 
Al2O3 21.83 22.76 20.36 33.19 11.29 21.18 11.54 5.14 34.99 16.45 
Fe2O3 8.03 9.45 7.83 16.37 3.88 8.23 4.39 5.72 15.97 5.97 
MnO 0.142 0.251 0.222 0.408 0.16 0.09 0.26 0.23 0.47 0.09 
MgO 3.07 2.56 2.45 2.29 1.98 2.25 3.10 2.20 2.94 3.59 
CaO 0.08 0.19 0.69 0.24 36.86 0.26 23.21 66.47 0.11 16.12 
Na2O 0.25 1.75 1.33 0.95 0.94 0.99 0.97 0.46 0.99 1.26 
K2O 6.12 2.98 3.53 3.73 0.20 4.17 1.51 0.33 4.41 2.32 
TiO2 0.953 0.855 0.717 1.243 0.43 0.79 0.29 0.10 1.25 0.62 
P2O5 0.04 0.08 0.13 0.1 0.16 0.16 0.14 0.13 0.11 0.13 
Total 95.765 94.216 93.709 94.821 100.18 99.68 100.25 99.75 99.8 100.33 
LOI     23.59 4.84 17.19 34.34 5.49 14.02 
Sr         86 460 
Zr         210 132 
V         261 129 
Cr         228 53  
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Locality Alb Alb Alb Alb Alb Alb Alb Alb Fin Fin Fin Fin Fin Fin 
Sample ALB-957 MIU-955 MIU-962 SL99-10E SL99-12A  SL99-16A SL99-12C SL99-13A PEL-942 PEL-962 SL98-4PEL Sl99-41D SL99-41D SL99-34C 
#           (KGA-1)  (2)  
SiO2 77.9 56.99 35.3 41.85 30.29 52.10 52.2 52.36 50.74 63.1 48.27 49.86 50.27 54.82 
Al2O3 9.18 19.13 5.67 4.35 2.51 25.10 25.47 10.48 20.9 12.53 18.57 26.32 26.57 20.65 
Fe2O3 3.66 9.46 3.41 3.24 1.43 8.66 7.54 4.48 9.34 6.98 8.77 7.12 7.33 7.42 
MnO 0.122 0.068 0.056 0.09 0.12 0.08 0.06 0.16 0.131 0.559 0.102 0.07 0.09 0.15 
MgO 1.72 2.69 1.18 10.01 1.24 3.41 3.72 1.83 5.32 1.97 2.58 2.88 2.85 2.51 
CaO 1.46 0.25 28.47 38.45 63.46 3.64 2.31 27.94 2.05 5.13 7.7 4.99 4.08 8.46 
Na2O 1.55 0.72 0.29 0.46 0.32 0.80 0.51 0.92 0.23 0.47 0.41 1.24 1.27 0.61 
K2O 1.73 3.91 0.36 1.04 0.49 5.10 6.67 1.41 4.62 2.26 3.42 5.86 5.99 4.32 
TiO2 0.365 0.844 0.2 0.14 0.03 1.05 1.2 0.43 0.982 0.546 0.758 1.13 1.12 0.83 
P2O5 0.05 0.15 0.02 0.17 0.08 0.09 0.07 0.1 0.16 0.16 0.14 0.13 0.1 0.13 
Total 97.737 94.212 74.956 99.63 99.89 99.94 99.75 100.11 94.473 93.705 90.72 99.60 99.67 99.9 
LOI    28.94 33.51 7.23 6.58 19.7   7.91 7.61 9.47 
Sr       75 861     116 140 
Zr       207 128     204 159 
V       195 62     200 146 
Cr       169 <2     126 166  
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Locality Cig Cig Cig Cig Cig Cig Cig Cig Cig Cig 
           
Sample 02-LDCS- 
  02-LDCS-       
LC99-4A LC99-5A 10 02-LDCS- 
LC99-2C 
LC99-4A 
LC99-5A 02-LDCS-1 02-LDCS-11 
# 
11 
(KEC-23) (KEC-24) (CIGSED- 01 (2) 
(CIGsed-1)        
2) 
      
          
           
           
           
SiO2 57.64 71.4 83.25 63.01 58.65 49.13 73.33 82.7 64.18 60.55 
           
Al2O3 19.68 12.62 7.02 14.55 15.32 7.18 13.1 8.19 17.37 20.22 
           
Fe2O3 8.75 6.13 4.61 6.95 7.28 2.86 5.69 3.45 7.29 8.15 
           
MnO 0.394 0.223 0.405 0.694 1.454 0.41 0.24 1 0.9 0.43 
           
MgO 2.13 1.98 1.36 2.02 2.51 1.48 2.05 1.42 2.36 2.3 
           
CaO 1.86 0.96 0.48 2.75 5.03 36.97 1.18 0.55 2.99 1.81 
           
Na2O 1.04 0.89 0.16 0.67 0.68 0.66 0.94 0.78 0.95 1.1 
           
K2O 4.21 3.05 2.1 3.23 3.15 1.25 2.94 1.73 3.51 4.26 
           
TiO2 0.786 0.492 0.282 0.552 0.595 0.18 0.44 0.28 0.61 0.74 
           
P2O5 0.1 0.12 0.07 0.08 0.13 0.09 0.11 0.06 0.11 0.1 
           
Total 96.59 97.865 99.737 94.506 94.799 100.12 100.02 100.16 100.27 99.66 
           
LOI      22.84 2.12 1.07 4.33 -0.01 
           
           
Sr       66 52 86 93 
           
Zr       119 94 137 151 
           
V       115 68 143 165 
           
Cr       168 126 166 168 
            
 
 
 
Appendix 7. Sampling locations of the Breuil-Cervinia & Ollomont 
traverses (adapted from Jaeckel et al., in press). 
 
 
 Sample Latitude Longitude Distance from Contact (m) 
 DB16-24B 7.3277 45.8693 12.0 
 827G 7.3278 45.8695 15.0 
 812C 7.3276 45.8696 30.3 
 812D 7.3274 45.8696 42.4 
 DB16-37 7.3265 45.8693 73.7 
O
llo
m
on
t 
DB16-41B 7.3258 45.8699 143.6 
DB16-43A 7.3255 45.8702 175.1 
 
 DB16-45 7.3246 45.8703 239.0 
 DB16-47 7.3236 45.8705 301.8 
 DB16-48 7.3235 45.8709 328.4 
 DB16-49 7.3210 45.8720 525.5 
 DB16-53 7.3247 45.8723 336.3 
 DB16-56 7.3233 45.8712 356.1 
 DB16-59    
 DB16-66A 7.6413 45.9608 40.6 
 DB16-66C 7.6413 45.9608 40.6 
 DB16-67 7.6411 45.9603 78.6 
C
er
v
in
ia
 
DB16-70 7.6426 45.9595 126.7 
DB16-72B 7.6403 45.9596 140.8 
 
 DB16-73B 7.6411 45.9593 159.3 
B
re
u
il
 
DB16-75 7.6414 45.9587 198.6 
DB16-80 7.6420 45.9561 397.7 
 
 DB16-82A 7.6386 45.9554 478.2 
 DB16-83 7.6374 45.9530 668.6 
 DB16-84A 7.6379 45.9525 707.0 
 DB16-87 7.6385 45.9575 317.0 
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